Objectives: To evaluate the impact of an emergency department mechanical ventilation protocol on clinical outcomes and adherence to lung-protective ventilation in patients with acute respiratory distress syndrome. Design: Quasi-experimental, before-after trial. Setting: Emergency department and ICUs of an academic center. Patients: Mechanically ventilated emergency department patients experiencing acute respiratory distress syndrome while in the emergency department or after admission to the ICU. Interventions: An emergency department ventilator protocol which targeted variables in need of quality improvement, as identified by prior work: 1) lung-protective tidal volume, 2) appropriate setting of positive end-expiratory pressure, 3) oxygen weaning, and 4) head-of-bed elevation. Measurements and Main Results: A total of 229 patients (186 preintervention group, 43 intervention group) were studied. In the emergency department, the intervention was associated with significant changes (p < 0.01 for all) in tidal volume, positive end-expiratory pressure, respiratory rate, oxygen administration, and head-of-bed elevation. There was a reduction in emergency department tidal
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For information regarding this article, E-mail: fullerb@wustl.edu A cute respiratory distress syndrome (ARDS) carries unacceptably high mortality and survivor morbidity rates (1) . Unequivocal evidence shows that lung-protective ventilation (LPV), aimed at mitigating ventilator-associated lung injury (VALI), reduces mortality in ARDS (2). Despite this, noncompliance with LPV remains high and negatively impacts outcome (3) (4) (5) (6) (7) (8) (9) .
The emergency department (ED), where over 200,000 patients are mechanically ventilated annually in the United States, may be important for providing LPV to improve ARDS outcome for several reasons (10) . Experimental data show that VALI can occur shortly after initiation of mechanical ventilation; ED length of stay (LOS) is often more than sufficient to begin the process of VALI (11) (12) (13) . Ventilator settings prior to ICU arrival influence initial ventilator settings in the ICU; this may be critically important, as delayed initiation of low tidal volume after ARDS onset seems especially influential, both for adherence to LPV and mortality (6, 14, 15) . Even if delivered for comparatively brief periods, LPV can impart significant benefit, as demonstrated by data from the operating room and in lung donation (16, 17) . Finally, cohort studies have demonstrated that adherence to LPV in the ED is poor and that ED mechanical ventilation is associated with ARDS development (14, 18, 19) . Therefore, a pre-ICU intervention aiming to improve mechanical ventilation in the ED may be an effective strategy to improve adherence to LPV and reduce ARDS mortality.
The objectives of this study were to assess the impact of an ED-based mechanical ventilator protocol on 1) clinical outcomes in ARDS and 2) delivery of LPV. We hypothesized that a strategy aimed at improving ED mechanical ventilation practices would reduce mortality and increase adherence to LPV in the ED and ICU.
MATERIALS AND METHODS

Study Design
This was a quasi-experimental, before-after trial performed at a tertiary, academic center. The study design included a preintervention period (September 2009 to January 2014), a 6-month run-in when LPV was implemented as the default ventilator strategy in the ED, and an intervention period (October 2014 to March 2016). During the run-in period, training consisted of a major journal club review, which introduced the scientific merit of early LPV, as well as meetings, lectures, and bedside education on how to implement the protocol. Following this implementation initiative, the intervention period commenced.
Since LPV was adopted as the standard approach in the ED in 2014, the study was approved with waiver of consent. A detailed description of the methods has been published (20) . The current report is a preplanned sub-study on ARDS patients from the Lung-Protective Ventilation Initiated in the ED (LOV-ED) trial. The trial registration number is NCT02543554.
Participants
All mechanically ventilated patients in the ED were assessed for inclusion. To identify these patients in the preintervention group, a validated electronic query was used (20) . The intervention group was identified with an automated, electronic pager system, followed prospectively and enrolled consecutively, 24 hours per day. Inclusion criteria were 1) aged greater than or equal to 18 years, 2) mechanical ventilation via endotracheal tube, and 3) ARDS onset within 7 days of ED presentation. Seven days was chosen because the great majority of patients that develop ARDS after admission from the ED will do so within this time period (14, 19, 21) . Exclusion criteria were 1) extubation within 24 hours, 2) death in the ED or within 24 hours, 3) chronic mechanical ventilation, 4) presence of tracheostomy, and 5) transfer to another hospital.
Treatment Interventions
Our previous research demonstrated that mechanical ventilation in the ED was historically delivered with higher tidal volumes, low positive end-expiratory pressure (PEEP)-high Fio 2 combinations, and poor adherence to head-of-bed elevation (14, 19) . To improve these practices, the intervention aimed to address: 1) low tidal volume to prevent volutrauma, 2) appropriate PEEP setting to limit atelectrauma, 3) limitation of hyperoxia with rapid oxygen weaning, and 4) headof-bed elevation for aspiration precautions. After intubation, the ED respiratory therapist obtained patient height with a tape measure, and tidal volume was indexed to predicted body weight (PBW). Ventilator settings were then established per protocol (Supplemental Fig. 1 , Supplemental Digital Content 1, http://links.lww.com/CCM/C389), and head-of-bed elevation was performed in all patients, unless contraindicated. This was a pragmatic study, designed to record data as part of usual care after intervention implementation. Therefore all interventions, including ventilator settings, were performed by ED clinical staff. The protocol specifically targeted the ED, and therefore, all ICU ventilator management was at the discretion of the ICU clinical staff.
for the preintervention group and prospectively for the intervention group. ED treatment variables included IV fluids, blood products, central venous catheters, antibiotics, and vasopressors.
All ventilator settings in the ED were collected, as were airway pressures, pulmonary mechanics, and gas exchange variables. After admission, ICU ventilator settings were collected bid, and followed for up to 2 weeks (at a minimum) or for the duration of ARDS. For pressure-targeted modes of ventilation, where plateau pressure is not typically measured, peak pressure was used as a surrogate. Fluid balance was recorded daily after admission. Patients were followed until hospital discharge or death.
Definitions of comorbid conditions are in Supplemental Text 1 (Supplemental Digital Content 2, http://links.lww.com/ CCM/C390). Severe sepsis and septic shock were defined as described previously (22) . ARDS was defined according to the Berlin definition, and both groups' ARDS status was adjudicated as previously described (Supplemental Text 2, Supplemental Digital Content 3, http://links.lww.com/CCM/C391) (14, 20, 23) . ARDS onset was defined as the time when all ARDS inclusion criteria were met. LPV was defined as a tidal volume of less than or equal to 6.5 mL/kg PBW (upper limit that defined adherent to lower tidal volume in ARDS Network trial) (2, 5).
The primary outcome was hospital mortality. Secondary outcomes included ventilator-, ICU-, and hospital-free days.
Statistical Analysis
Descriptive statistics, including mean (sd), median (interquartile range), and frequency distributions, were used to assess patient characteristics. Spearman correlation (r s ) was used to assess the relationship between ED and ICU tidal volume. To assess mortality predictors, categorical characteristics were compared using chi-square test or Fisher exact test. Continuous characteristics were compared using independent samples t test or Wilcoxon signed rank test. A backward, stepwise, multivariable logistic regression model was used to evaluate death as a function of the intervention. Clinically relevant variables that were statistically significant in univariate analysis at p value of less than or equal to 0.10 were candidates for model inclusion. Given the prognostic significance of shock, receipt of vasopressors was also included in the model. A potential time-dependent effect of tidal volume on mortality was evaluated by including a statistical interaction of ICU tidal volume and mechanical ventilation duration. Variables for inclusion or exclusion from the model were selected in sequential fashion based on the significance level of 0.10 for entry and 0.10 for removal. Normality, statistical interactions, and collinearity were assessed, and the model used variables that were statistically independent. Model goodness of fit was assessed with the Hosmer-Lemeshow test and by examining residuals. Adjusted odds ratios (ORs) and corresponding 95% CIs are reported for the multivariable model, adjusted for all variables in the model.
To assess for potential secular trends (i.e., temporal changes) in outcomes, the preintervention cohort was divided into thirds, based on approximately equivalent periods of time (73.7 wk), for comparison to the intervention cohort.
All tests were two-tailed, and a p value of less than 0.05 was considered statistically significant.
RESULTS
Study Population
In the preintervention group, a total of 2,451 patients were mechanically ventilated and assessed for eligibility, compared with 1,074 patients in the intervention group (Fig. 1) . A total of 229 patients experienced ARDS and were included in the final analysis. The mean (± sd) time to ARDS onset was 1.8 ± 1.7 days (Supplemental Fig. 2 , Supplemental Digital Content 4, http:// links.lww.com/CCM/C392). Table 1 presents baseline characteristics of the study population related to intervention group. ED LOS (hr) for the preintervention group was 5.8 (4.0-8.2) versus 5.2 (3.6-7.5) in the intervention group, p value equals to 0.51. Fluid balance (L) after the first week was 5.5 (8.0) in the preintervention group and 5.1 (9.0) in the intervention group, p value equals to 0.77. Ventilator Characteristics A total of 65 patients fulfilled ARDS criteria while in the ED, 164 had ARDS onset after ICU admission, and a total of 480 ED ventilator settings were analyzed. Table 2 shows the effect of the intervention on ED mechanical ventilation. There were significant changes in tidal volume, PEEP, respiratory rate, Fio 2 , and adherence to head-of-bed elevation. For patients with ARDS while in the ED, the intervention was associated with a reduction in tidal volume from 8.0 mL/kg PBW (7.1-9.1) to 6.4 mL/kg PBW (6.1-6.8) and an increase in LPV from 11.1% to 61.5%, p value of less than 0.01. Supplemental Figure 3 (Supplemental Digital Content 5, http://links.lww.com/CCM/ C393) shows the distribution of ED tidal volume. For ventilator settings nonadherent to LPV, the intervention was associated with a reduction in tidal volume, 8.8 mL/kg PBW (8.2-9.6) versus 6.9 mL/kg PBW (6.8-7.1), p value of less than 0.01.
A total of 3,495 ICU ventilator settings were analyzed. Supplemental Table 1 (Supplemental Digital Content 6, http:// links.lww.com/CCM/C394) shows the comparison between ICU ventilator settings between the two groups. Following the intervention, ICU tidal volume decreased from 8.1 mL/kg PBW (7.3-9.1) to 7.0 mL/kg PBW (6.2-8.4), p value of less than 0.01. LPV in the ICU increased from 11.4% to 35.3%, p value of less than 0.01. In the preintervention group, 167 patients (89.8%) had an initial ICU tidal volume of greater than 6.5 mL/kg PBW, 37 patients (19.9%) had at least one tidal volume less than or equal to 6.5 mL/kg PBW at some point, and six patients (3.2%) had all tidal volumes less than or equal to 6.5 mL/kg PBW. In the intervention group, 29 patients (67.4%) had an initial tidal volume of greater than 6.5 mL/kg PBW, 18 patients (41.9%) had at least one tidal volume less than equal to 6.5 mL/kg PBW, and eight patients (18.6%) had all tidal volumes less than or equal to 6.5 mL/kg PBW. Additional details on changes in tidal volume and LPV over time are represented in Figure 2 . After adjustment for significant covariates between the two groups (i.e., gender, age, PBW, vasopressor use), multivariable logistic regression analysis demonstrated that the ED intervention was the only significant predictor of the receipt of ICU LPV (OR, 3.41; 95% CI, 1.15-10.1; p = 0.03).
The correlation (r s ) between ICU tidal volume and ED tidal volume was 0.70 in the preintervention group (p < 0.01) and 0.30 in the intervention group (p = 0.05).
Outcomes
The univariate comparison for the primary outcome is shown in Supplemental Table 2 (Supplemental Digital Content 7, http://links.lww.com/CCM/C395). The intervention was associated with a reduction in mortality from 54.8% to 39.5%, which remained significant after multivariable logistic regression analysis (OR, 0.36; 95% CI, 0.16-0.82; p = 0.02) ( Table 3) . Variables included in the adjusted analysis are shown in Supplemental Table 3 (Supplemental Digital Content 8, http:// links.lww.com/CCM/C396).
The secondary outcome analyses are shown in Table 3 . Ventilator-free days were significantly higher in the intervention group than in the preintervention group (11.6 ± 10.8 vs 7.7 ± 9.9 d; p = 0.03). Hospital-and ICU-free days were higher by approximately 2 days in the intervention group; this did not reach statistical significance.
Secular Trends
Secular trends in tidal volume, LPV, and mortality are shown in Supplemental Table 4 (Supplemental Digital Content 9, http:// links.lww.com/CCM/C397). The changes in tidal volume, LPV, and mortality were a deviation from the temporal trends for the study period and consistent with implementation of the intervention.
DISCUSSION
It has been over 15 years since LPV showed improved survival in ARDS, yet adherence to this strategy remains poor (2-9). Most relevant to the ED, the harm associated with delayed initiation of low tidal volume in ARDS has been established, and ventilator settings during the early course of respiratory failure are highly influential on the delivery of lung protection (6, 14, 18) . For these reasons, along with our data showing opportunity for improvement in ED mechanical ventilation practices, LPV became the default strategy in our ED in 2014. The results of the study have important additional findings.
Effective implementation of mechanical ventilation interventions in ARDS patients is feasible in the ED and associated with practice change. While endotracheal intubation has been studied extensively in the ED, mechanical ventilation has been studied little (24, 25) . Previous studies demonstrated low adherence to LPV in the ED (14, 19 ). In the current study, an ED ventilator protocol was associated with a significant increase in adherence to LPV in the ED. Furthermore, among the ventilator settings that were by definition nonadherent to LPV, tidal volume was reduced by 1.9 mL/kg PBW. This suggests that the ED could be an important starting point for safe mechanical ventilation.
Several aspects of the ICU ventilator data deserve mention. In the preintervention group, there was a high correlation (r s = 0.70) between ED and ICU tidal volume. In fact, comparing the ED and ICU, tidal volume (8.1 mL/kg PBW) and adherence to LPV (~11%) were virtually identical in the preintervention group. This is consistent with previous data showing that the initial established tidal volume after ARDS onset is highly influential in setting the course for much of the total duration of mechanical ventilation (6, 26) . However, in the intervention group, the correlation (r s = 0.30) between ED and ICU tidal volume was weaker; Figure 2 demonstrates that the first ICU tidal volume after ARDS onset was actually higher by approximately 0.6 mL/kg PBW relative to the ED. Similar to the preintervention group, tidal volume then remained relatively static.
Between the groups, a tidal volume difference of approximately 1.2 mL/kg PBW persisted throughout the ICU stay. While seemingly small, this approximate difference in initial tidal volume has been associated with an increased occurrence rate of ARDS in ED patients, as well as a 23% increase in mortality in ARDS (6, 18) . It is possible that the improvement in mortality associated with the intervention could have been greater had LPV been carried through from the ED to ICU at a higher rate. Furthermore, effective and consistent implementation of LPV for ARDS must emphasize 1) early detection, 2) early implementation, and 3) short-loop feedback to revisit ventilator settings frequently. While it is encouraging that the implementation of an ED-based lung-protective protocol was associated with a decrease in ICU tidal volume and improved adherence to LPV in the ICU, significant room for improvement persists. Finally, the intervention was associated with an improvement in mortality and resource utilization. This is consistent with previous data on tidal volume reduction in ARDS (2, 5, 6, 27) . This indicates that the use of LPV in the ED could improve clinical outcome.
Limitations
This investigation has several limitations. It was a single-center study, and although implementation was effectively achieved at our center, we are unable to comment on the feasibility of implementing this protocol at other hospitals and the community as a whole. The sample size was relatively small, which can lead to an exaggeration in demonstrated benefit. However, as an exploratory study, the sample size is comparable to some randomized trials in ARDS. Although causation cannot fully be established with the design, the results are consistent with randomized trials and observational studies which show that LPV improves outcome (2, 5, 6, 28). However, unmeasured confounders could have accounted for the improved outcome in the intervention period. There was low baseline adherence to LPV and high mortality. It is possible that the intervention would have imparted less impact in the setting of greater baseline adherence to LPV or lower baseline mortality. The beforeafter study design can make results prone to temporal trends. Analysis of secular trends in ventilator management, as well as mortality, demonstrated that the most significant changes were isolated to the implementation of LPV in the ED. Some imbalance in baseline characteristics between the two study groups did exist. However, these imbalances should have biased our findings toward the null hypothesis (e.g., differences in immunosuppression, lactate, Acute Physiology and Chronic Health Evaluation II, and vasopressors), and our findings remained robust after statistical adjustment. Finally, the intervention addressed several variables; it was a bundle. Given the abundance of data regarding the importance of early LPV in ARDS, we hypothesize that a decrease in early VALI drove these findings. However, without mechanistic outcomes, we cannot elucidate where the exact benefit is coming from.
Future Directions
Going forward, we must move beyond mechanical ventilation and ARDS as primarily ICU-specific entities. Timing has been established in other diseases and syndromes which span the ED-ICU interface (e.g., sepsis, trauma, stroke) (26) . This has not extended to ARDS yet. Appropriate pre-ICU ventilator settings could reduce mortality by overcoming some of the existing shortfalls in the implementation of LPV (26) . In addition, as ARDS develops in a minority of mechanically ventilated patients, whether LPV is beneficial in those without ARDS remains a question to be answered by forthcoming data, including that from our at-risk cohort in the LOV-ED trial (20) .
CONCLUSIONS
This before-after study of mechanically ventilated patients with ARDS demonstrates that implementing a mechanical ventilator protocol in the ED is feasible and is associated with a reduction in mortality. 
